Accumulation of atrial adipose tissue is associated with atrial fibrillation (AF). However, the underlying mechanisms remain poorly understood. We examined the relationship between the characteristics of fatty infiltrates of the atrial myocardium and the history of AF.
Translational perspective
The amount of adipose tissue that accumulates around the atria is considered to be a determinant of the risk and persistence of atrial fibrillation (AF). We hypothesize that AF results in fibrotic remodelling of the adipose tissue which is present in the subepicardium of the atrial myocardium. This fibro-fatty remodelling could contribute to the structural remodelling underlying the progressive nature of AF. Advances in cardiac imaging with an improved ability to visualize myocardial fat depositions together with the development of new circulating biomarkers could aid in the detection of an advanced substrate for irreversible AF and guide clinical decision making between rate vs. rhythm control. The prevention of adipose tissue accumulation into the atrial myocardium and its transformation in fibro-fatty infiltrates could also represent targets for upstream therapy of AF.
Introduction
A relationship between the amount of adipose tissue that accumulates around the atria and both the risk and persistence of AF has been reported by several studies. 1 The Framingham Heart study showed that increased atrial fat volume was associated with a high risk of AF, 2 and outcomes after AF radiofrequency ablation can also be predicted by the amount of atrial adipose tissue. 3, 4 However, the underlying mechanisms linking AF to adipose tissue are still largely unknown. Cardiac adipose tissue is composed of the paracardial fat outside the visceral pericardium and the epicardial adipose tissue (EAT) adjacent to the epicardium. In addition to its role in energetic and lipid metabolism, 5 EAT produces a number of adipokines 6, 7 that can freely diffuse into the neighbouring myocardium. 6, 8, 9 For instance, the secretome of human EAT can induce atrial fibrosis, an effect mediated by Activin A. 10 Cross talk between adipose and myocardial tissue has been demonstrated by the observation that rapid atrial pacing or AF induces the expression of several genes able to regulate adipose tissue accumulation. 11 Adipose tissue can also infiltrate the myocardium and contribute to its functional disorganization as described for the right ventricle.
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The present study was undertaken to investigate the pathophysiological significance of fatty infiltrates, which are commonly observed in the atrial myocardium. The relationship between the histological characteristics of atrial fatty infiltrates and the patient's clinical history was retrospectively addressed in human right atrial specimens collected during cardiac surgery. Atrial adipose tissue accumulations and characteristics, and their association with the progressive nature of AF, were also prospectively studied in a sheep model of persistent AF. We provide compelling evidence that fatty infiltrates contribute to the progressive fibrosis of subepicardial areas of the atrial myocardium.
Methods

Human study populations
In accordance to the declaration of Helsinki and with the ethical committees from the different institutions involved (Paris, Bordeaux, and Greifswald), atrial samples were obtained from 92 patients who underwent cardiac surgery after obtaining an informed consent; their clinical information is indicated in Table 1 . Specimens were collected from 2011 to 2014, and only right atrial samples of sufficient histological quality and at least 5 mm in epicardial length were included for analysis. On average, the epicardial length was 19 + 8 mm.
Sheep model of atrial fibrillation
Atrial fibrillation was induced in sheep by long-term rapid atrial pacing (n ¼ 26), as previously described (Supplementary material online). 15 Instrumented non-paced sheep served as sham animals (n ¼ 5), and non-instrumented sheep served as control animals (n ¼ 11).
Cardiac magnetic resonance imaging in sheep
Cardiac magnetic resonance imaging (cMR) was performed to assess cardiac adipose tissue volume over time (Supplementary material online).
Histological study of human and sheep samples
Atrial appendage samples, fixed in 4% paraformaldehyde and embedded in paraffin, were used for the quantification of fibrosis, fatty infiltrates, and inflammatory cells (Supplementary material online).
Immunohistochemistry
Immunohistochemistry was performed in 12 patient samples (Supplementary material online).
Statistics
Normally distributed continuous data are reported as mean + standard deviation. A Student's t-test was used for comparison between groups if data was normally distributed. A Mann-Whitney test was used for nonparametric test. Correlation was assessed using a Spearman correlation coefficient (r). A two-way repeated-measure analysis of variance (AN-OVA) was conducted to assess a difference in change of adipose tissue volume over time between the AF and sham groups. Agreement on the histological scoring system (intra-and inter-rater agreement) was evaluated using weighted k statistics. (27) Data are presented as n (%). BMI, body mass index; CABG, coronary artery bypass graft.
SPSS (Version 22, Armonk, NY, USA) or GraphPad Prism (version 6, GraphPad Software, La Jolla, CA, USA).
Results
Fibrotic remodelling of the epicardium in human atrial samples
Samples of right atrial appendage were used for the histological study as (i) a sample could be obtained during routine cardiac surgery from a large number of patients and (ii) samples were taken from a fixed area of the right atria and were of quite regular anatomic morphology allowing a comparison between samples. Infiltration of the subepicardial area by adipose tissue was observed in the vast majority of the right human atrial specimens studied (91% of samples). The extent of this fatty infiltration varied markedly, from 0 to 76% across atrial sections without a relationship between the extent of fatty infiltrations and AF (percentage adipose tissue-no AF: 14 + 17% vs. paroxysmal AF: 11 + 12% vs. permanent AF: 12 + 9%, P ¼ 0.711).
However, clear differences in fatty infiltrate characteristics were observed. Some infiltrates were characterized by discrete fibrosis, smooth interfaces with the neighbouring myocardium, and a thin epicardium. These we considered as normal infiltrates ( Figure 1A ). Others were markedly fibrotic with intermingled adipocytes, fibrosis, and myocytes, as well as a thick and irregular epicardium, which we considered as remodelled infiltrates ( Figure 1B) . To validate the distinct patterns of epicardial area and fatty infiltrates, we applied a scoring system to 20 selected samples ( Figure 1D ). This clearly confirmed that higher fibrotic content and lower levels of adipose tissue were observed in the epicardial region of those samples scored as highly remodelled ( Figure 1E ). Noteworthy, in 10 left atrial samples, fatty and fibro-fatty infiltrations were also observed (fibro-fatty infiltrate in 80% of samples; 20 + 18% adipose tissue).
The extent of remodelled epicardium was determined based on the degree of fibrosis of the adipose tissue, and the presence of infiltrating fibrosis ( Figure 1C ). An inverse correlation between the amount of adipose tissue and the extent of remodelled epicardium was observed ( Figure 1G ), whereas a positive correlation was noted between myocardial fibrosis and remodelled epicardium ( Figure 1H ). Several samples demonstrated both normal and fibrotically remodelled fatty infiltrates with an apparent transition zone in between ( Figure 1I , Supplementary material online, Figure S1 ).
Advanced age and a patient history of AF were associated with higher degrees of fibrotically remodelled epicardium. Following multivariable analysis, only a history of AF remained as a significant clinical predictor ( Table 2) . Furthermore, the degree of fibrotically remodelled epicardium was related to the duration of AF (no AF 37 + 24% vs. paroxysmal AF 50 + 21% vs. permanent AF 64 + 23%, P ¼ 0.0004) ( Figure 1F ). These results indicate that AF could be a predictor of the fibrotic remodelling of subepicardial fatty infiltrates.
Fibrosis of fatty infiltrates is associated with localized inflammatory processes
In 47% of the human atrial samples, small lymphoid aggregates could be observed in the subepicardial adipose tissue (Figure 2A , Supplementary material online, Figure S6 ) in both no AF and AF patients (no AF: 46% of samples vs. history of AF: 48%, P ¼ 0.817).
These clusters of inflammatory cells were mainly located at the epicardial site and often in the transition zone between adipocytes and fibrosis in human atria (Supplementary material online, Figure S6 ). Immunohistochemistry in 12 patient samples, identifying a total of 17 inflammatory infiltrates, demonstrated a predominance of lymphocytes, and a few evenly distributed CD14+ monocytes and CD15+ neutrophils ( Figure 2C ). The majority of these lymphocytes were CD3+ T lymphocytes, the vast majority of them were CD8+ cytotoxic T cells, with fewer CD20+ B lymphocytes. Crownlike structures were frequently encountered, suggesting adipocyte cell death (Supplementary material online, Figure S6 ). Indeed, CD8+ T cells in the lymphoid aggregates displayed functional cytotoxic activity as indicated by their staining with the cytolytic enzyme granzyme. In addition, some adipocytes in contact with the lymphoid aggregates were terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) positive, suggesting cell death. A number of TUNEL-positive cells were also detected inside the lymphoid aggregates ( Figure 2D ). These results indicate that an immune response mediated by cytotoxic CD8+ T lymphocytes is activated in fibro-fatty infiltrates.
Persistent atrial fibrillation is associated with fibro-fatty infiltrations of the sheep atria
In order to determine whether AF causes fibrosis of atrial fatty infiltrates independently of co-morbidity factors such as ischaemic or valvular heart disease, we studied a sheep model of persistent AF. First, we assessed changes in the amount of peri-atrial fat deposits using cMR. In AF sheep, total atrial and left atrial adipose tissue volume increased significantly after AF induction (total atrial adipose tissue-0 week: 33.8 + 7. Second, macroscopic and histological examination of explanted hearts revealed abundant atrial adipose tissue, together with a number of fatty infiltrates in the various regions of the left and right atria in both groups (Supplementary material online, Figure S7 ). Quantification of subepicardial fatty infiltrates was performed on left atrial appendages (fixed anatomy in all animals). We could not show a difference in the proportion of fatty infiltrates vs. total area between AF and control sheep (left atrium-AF sheep: 3.1 + 2.6% vs. control sheep: 3.3 + 3.4%; P ¼ 0.8256). However, as in human, distinct types of fatty infiltrations could be distinguished based on the degree of fibrosis, epicardial thickness, adipocyte size, and inflammation ( Figure 4A and Table 3 ). After verifying intra-and inter-rater agreement (k index, respectively, 0.818; P , 0.0001 and 0.487; P , 0.0001), a total of 314 infiltrations were graded (211, 14 + 4 per sheep and 103, 9 + 4 per sheep in AF and control group, respectively). A significant difference in distribution pattern of the four histological grades was observed between the two groups, with a higher average grade per AF sheep compared with sham (2.0 + 0.4 AF group vs. 0.7 + 0.4 control group, 
Discussion
Our study reveals that AF is associated with the fibrosis of the adipose tissue, which is present in the subepicardium of the atrial myocardium in human and sheep. An immune response could be involved in this remodelling process. We hypothesize that these fibro-fatty infiltrates from the subepicardial area could be an important pathogenic mechanism for structural remodelling leading to the progressive nature of AF. We report that fatty infiltration of the myocardium is a common observation in the right atrium, as reported for the right ventricle. 16, 17 We show that this fat can become fibrotic. In some patients, only a dense subepicardial fibrosis was observed and only little fatty infiltrate. The fibrotic remodelling of fat is also supported by an inverse correlation between amounts of fat and fibrosis. Permanent AF is a strong predictor for the presence of fibro-fatty infiltrates but which can be observed also in a number of patients in sinus rhythm, indicating that various clinical conditions can favour the fibrosis of atrial adipose tissue in addition to AF. It is difficult to assess the exact contribution of AF vs. underlying comorbid conditions to the development of atrial fibro-fatty infiltration in patients; therefore, experimental models were necessary. Therefore, we used the rapid atrial pacing sheep model, a pure model of persistent AF without significant left ventricle dysfunction. 18 As previously described by others in humans, we found that AF in this model was associated with the accumulation of pericardial adipose tissue around the atria notably the posterior wall 19 and not the ventricle. Moreover, whereas fatty infiltrations of the subepicardium were equally observed in atria of control and AF sheep, fibro-fatty infiltrations with small adipocytes and thick epicardium predominated in the latter. Taken together, the histological study of human and sheep atria both indicate that AF might be an important pathogenic trigger for fibrotic remodelling of the subepicardial adipose tissue. The observation of atrial fibro-fatty infiltrations during AF is reminiscent of the histology of arrhythmogenic right ventricular cardiomyopathy, characterized by replacement of the common fatty infiltration with a mixture of fibrous tissue and fat. 13 Moreover, the propensity of adipose tissue to become fibrotic is well known and has been described in other tissue types. 20 -22 For instance, after chronic injury, skeletal muscle is replaced by a mix of fibrous tissue and white adipocytes. 21, 23 In obese patients, fibrosis of the adipose tissue is a hallmark of disease progression. 24 Most often, inflammation plays a pivotal role in fibrotic remodelling of adipose tissue 20 also observed in human and sheep atria. Inflammatory infiltrates were mainly composed of CD8+ cytotoxic effector T cells in human. CD8+ effector T cells are involved in the inflammation of adipose tissue in obese patients. 25 Whether the infiltrating cytotoxic CD8+ T cells are clonal and recognize a specific antigen will require additional studies. Our observation that subepicardial fatty infiltrates seen in most atria are fibrotic, inflammatory, and infiltrative during AF indicates that this adipose tissue component of the atrial myocardium is not an innocent bystander. Good and bad functions have already been described for EAT, i.e. energy supplier, protective adipokines, cell regeneration vs. pro-inflammatory, pro-fibrotic, and pro-atherosclerotic. 8, 9, 26 If this holds true for the atrial adipose tissue notably the fat infiltrating the myocardium, then AF, but also heart failure, diabetes, or obesity, 27, 28 could modify the biological properties of fat tissue, resulting in its proliferation and fibrosis.
Potential clinical significance
AF is characterized by wavebreaks and rotors that predominate in the subepicardium of the atrial wall. 29, 30 This is a consequence of electrical dissociation between epicardial layers and the endocardial bundle network, favouring disturbances in electrical conduction. This electrical dissociation is aggravated by the accumulation of interstitial fibrosis that spreads from the epicardial layer to the neighbouring subepicardial myocardium. 31 Fibro-fatty infiltrates of the atrial subepicardium might contribute to such an epicardial/ endocardial electrical dissociation. In addition, fibro-fatty infiltrates could favour functional disorganization and local conduction defects. 12 Moreover, it can secrete several cytokines or adipokines such as Activine A, which are known to regulate cardiac ion channels. 6 
Limitations
Only right atrial myocardium specimens could be routinely obtained from a large number of patients. Therefore, we can only speculate that in other atrial areas, notably the left atrium, fibrofatty infiltration of the subepicardium could also accumulate. In support of this assumption, we also obtained 10 left atrial samples, revealing fibro-fatty infiltrate in the majority of them. In addition, fibro-fatty infiltrates as observed in human predominate in the left atria of sheep in AF. 
Conclusion
Infiltration of the atrial subepicardium by adipose tissue is a common component of atrial histology. However, in some clinical circumstances, these fatty infiltrates can become fibrotic. For instance, AF is an independent predictor of the presence of fibro-fatty infiltrations. This remodelling process of the atrial subepicardium could be favoured by an immune and inflammatory response and might contribute to the formation of the substrate of AF. 
